The objective of this study was to investigate, using a brain measure of approximate number system (ANS) acuity, whether the precision of the ANS is crucial for the development of symbolic numerical abilities (i.e., scaffolding hypothesis) and/or whether the experience with symbolic number processing refines the ANS (i.e., refinement hypothesis). To this aim, 38 children solved a dot comparison task inside the scanner when they were approximately 10-years old (Time 1) and once again approximately 2 years later (Time 2). To study the scaffolding hypothesis, a regression analysis was carried out by entering ANS acuity at T1 as the predictor and symbolic math performance at T2 as the dependent measure. Symbolic math performance, visuospatial WM and full IQ (all at T1) were entered as covariates of no interest. In order to study the refinement hypothesis, the regression analysis included symbolic math performance at T1 as the predictor and ANS acuity at T2 as the dependent measure, while ANS acuity, visuospatial WM and full IQ (all at T1) were entered as covariates of no interest. Our results supported the refinement hypothesis, by finding that the higher the initial level of symbolic math performance, the greater the intraparietal sulcus activation was at T2 (i.e., more precise representation of quantity). To the best of our knowledge, our finding constitutes the first evidence showing that expertise in the manipulation of symbols, which is a cultural invention, has the power to refine the neural representation of quantity in the evolutionarily ancient, approximate system of quantity representation.
| I N TR ODU C TI ON
Humans share with nonhuman primates, birds, and amphibians the ability to easily and rapidly discriminate numerical quantities without the necessity of counting (Feigenson, Dehaene, & Spelke, 2004) . This ability, also known as "number sense" (Dehaene, 1997) , is already present in newborn infants (Izard, Sann, Spelke, & Streri, 2009 ). Besides being preverbal, this representation of numerical quantity is noisy and approximate (i.e., Approximate Number system [ANS] ). Quantity representations in the ANS have been described as a series of Gaussian tuning curves organized on a mental number line. These curves show increasing overlap with increasing quantities making nearby numbers harder to distinguish (Piazza, Pinel, Bihan, Dehaene, & Cedex, 2004) . ANS acuity becomes more precise across development, until about 30 years of age, and large individual differences in ANS acuity are present among people of the same age (Halberda, Ly, Wilmer, Naiman, & Germine, 2012).
Several correlational studies have shown that nonsymbolic ANS acuity (hereinafter, ANS acuity) is associated with individual differences in symbolic math performance (De Smedt, No€ el, Gilmore, & Ansari, 2013) , with several meta-analyses reporting correlations of r 5 0.20 (Chen & Li, 2014) , r 5 0.22 (Fazio, Bailey, Thompson, & Siegler, 2014) , or r 5 0.24 (Schneider et al., 2017) between these variables. However, correlational studies only show an association between variables, allowing no inferences regarding causality or directionality of the effects being studied.
Consequently, the positive correlation found between ANS acuity and symbolic math performance can be due to the precision of nonsymbolic representations in the ANS being a foundational competency that serves as a scaffold for children's symbolic math learning (i.e., nonsymbolic precision ! symbolic abilities; scaffolding hypothesis) or, alternatively, due to formal mathematical learning refining the ANS, so that more experience with symbolic quantities enhance the precision of the ANS (i.e., symbolic abilities ! nonsymbolic precision; refinement hypothesis).
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Longitudinal studies are critical to distinguish between the refinement and the scaffolding hypotheses. Given that this type of studies has been scarce in the literature; further research needs to be done in order to answer this pressing question in the field of math cognition.
Some longitudinal studies have provided evidence apparently supporting one of the hypothesis. Namely, some studies have supported the scaffolding hypothesis by finding that 6-months old infants' ANS acuity predicted mathematics performance 3 years later (Starr, Libertus, & Brannon, 2013) . Mazzocco, Feigenson, and Halberda (2011a,b) showed that children's ANS acuity at 3-to 4-years old predicted their symbolic math performance 2 years later. Other studies have shown that ANS acuity in kindergarten was predictively related to arithmetic skills in kindergarten (Praet, Titeca, Ceulemans, & Desoete, 2013) , to arithmetic skills in first grade (Desoete, Ceulemans, Weerdt, & Pieters, 2012) and to accuracy in solving addition and subtraction words about 1 year later (Soto-Calvo, Simmons, Willis, & Adams, 2015) . Sansaguie and colleagues also showed that 5-to 7-year-old children's performance in a nonsymbolic number line estimation predicted most of the variance of symbolic math achievement 1 year later (Sasanguie, Van Den Bussche, & Reynvoet, 2012) .
However, two are the main limitations of the above-mentioned studies that have so far prevented to fill the gap in the literature regarding the causal relationship between ANS acuity and symbolic math performance. First, most of those studies have focused on testing one of the hypothesis, but not the other (e.g., Desoete et al., 2012; Mazzocco et al., 2011a ,b, Starr et al., 2013 , which is a more limited and less ideal approach than testing both of them within the same sample. Second, most of the longitudinal studies have measured the variables of interest once at each time point (but see for an exception), and have studied how ANS acuity at Time 1 (hereinafter, T1) predicted later symbolic math performance at Time 2 (hereinafter, T2) (i.e., scaffolding), or the reverse (i.e., refinement).
This is problematic because baseline levels of the dependent measure have not been controlled for (e.g., Desoete et al., 2012; Mazzocco et al., 2011a,b; Starr et al., 2013) . As claimed by Merkley and colleagues, this is extremely relevant because it is very likely that the differences found in the dependent measure at T2 are due to initial differences in that variable at T1 and not to the effect of the predictor of interest (Merkley, Matejko, & Ansari, 2017) . Within this context, cross-lagged panel designs (Kearney, 2003) , which are widely used to examine the causal relationship between variables and how they influence each other over time, constitute a good option to answer the question regarding the causal relationship between ANS acuity and symbolic math performance and fill the gap in the literature.
The first attempt to overcome the above-mentioned limitations using a cross-lagged design was done by Mussolin, Nys, Content, and Leybaert (2014) , who carried out a longitudinal study measuring both ANS acuity and symbolic math performance at T1 (i.e., 3-to 4-years old) and collecting the same measures once again 7 months later (T2). Using cross-lagged correlation analysis, they found that symbolic math performance at T1 predicted later ANS acuity (i.e., giving support to the refinement hypothesis), but no evidence for the opposite direction (i.e., scaffolding). More recently, Matejko and Ansari (2016) studied how the developmental trajectories of symbolic and nonsymbolic abilities relate to one another in young children by assessing those abilities at the beginning, middle and end of first grade. When analyzing the first half of first grade (time points 1 and 2), the regression analysis showed that symbolic math performance at T1 predicted that performance at T2, but ANS acuity at T1 did not (i.e., evidence against scaffolding hypothesis). Contrarily, both ANS acuity at T1 and symbolic math performance at T1 predicted ANS acuity at T2 (i.e.,
evidence supporting the refinement hypothesis).
Despite the above-mentioned behavioral studies, to the best of our knowledge, no study to date has investigated the scaffolding and refinement hypotheses using functional magnetic resonance imaging (fMRI). It seems to be consensus in the math cognition literature that the crucial area for the processing of numerical magnitude is the bilateral intraparietal sulcus (IPS) (e.g., Dehaene, Piazza, Pinel, & Cohen, 2003) , given that its activation is ratio-dependent, showing increased blood oxygenation level dependent (BOLD) activity to numerical values at fine numerical ratios (closer to one another) relative to coarse magnitude ratios (far away from each other) (Pinel, Dehaene, Rivière, & LeBihan, 2001) . Previous evidence has shown that greater activation in the IPS is associated with a better representation of numerical quantity, with greater activation being found for adults as compared with children in the left (Ansari & Dhital, 2006) and right IPS (Holloway & Ansari, 2010) , and for control children as compared with those with developmental dyscalculia (DD) in the right IPS (Price, Holloway, Räsänen, Vesterinen, & Ansari, 2007) . In all these studies, greater activation of the IPS is considered to reflect a more specialized response of the brain towards different quantities, while a reduced activation is taken as evidence for a not yet specialized and still imprecise representation.
Thus, using this sensitive brain measure of ANS acuity, together with the traditional behavioral indices of quantity representation, makes of this study a more complete and unique contribution to the field.
Although some studies have found cross-sectional evidence of the relationship between bilateral IPS activation during a dot comparison task and symbolic math performance in children (Haist, Wazny, Toomarian, & Adamo, 2015) , to the best of our knowledge, no study to date have used a cross-lagged longitudinal designed with fMRI, which constitutes the aim of this study. Namely, we will test the scaffolding hypothesis by examining whether ANS acuity at T1 predicts growth in symbolic math performance (i.e., controlling for T1 symbolic math performance) and will test the refinement hypothesis by examining whether symbolic math performance at T1 predicts growth in the ANS acuity (i.e., controlling for T1 ANS acuity). Two additional domaingeneral cognitive abilities (i.e., visuospatial WM and full IQ) will also be controlled for. The results from this study will contribute to the clarification between the scaffolding and the refinement hypotheses, helping to fill the gap in the math cognition literature.
| M A TER I A LS A N D M ETH OD S

| Participants
Sixty-five children from third to eighth grade were recruited from schools in the Chicago metropolitan area to participate in the study. All participants were native English speakers, right-handed, were free of past and present neurological or psychiatric disorders and had no history of attention deficits or oral language deficits, according to parental report. Participants had no history of intelligence deficits, all of them scoring above a standard score (SS) of 80 on both the performance and verbal IQ, as measured by the Wechsler Abbreviated Scale of Intelligence (WASI) (Weschler, 1999 Eleven additional participants were excluded due to low behavioral performance in the scanner, which was defined as accuracy being below 50% 1 in any of the conditions for the dot comparison task (including the control condition). Finally, one participant was excluded due to lack of coverage of the parietal cortex.
The final sample consisted of 38 participants (21 females) who were scanned twice, with sessions being approximately 2 years apart from one another. More detailed information about the sample is given in Table 1 .
We also created two groups (n 5 19 each; median split) based on the initial level of symbolic math performance for statistical analyses reported below. A more detailed description of these two groups is given in (Weschler, 1999) . The Vocabulary subtest requires the children to define the words presented, and the Similarities subtest requires the children to describe how two given things are alike. As for the Performance subtests, the Block Design requires the use of red and white blocks to recreate a design, and the Matrix Reasoning consists of viewing incomplete series and selecting the response that completes it.
On the other hand, visuospatial working memory (hereinafter, visuospatial WM) was measured by the Spatial Recall subtest of the Automated Working Memory Assessment (Alloway, 2007) . In this test, children view pictures of two shapes where the shape on the right has a red dot near it and they need to identify whether the shape on the right is the same as the shape on the left (when rotated in two answer by pointing to a picture with three possible positions marked.
The number of pair of shapes to be compared increased as children proceed through the subtest, and the participant must recall the correct position of all the red dots in correct temporal order.
| Measure of symbolic math performance
Symbolic math performance was measured by the Math Fluency subtest of the WJ-III (Woodcock et al., 2001) , which requires the rapid calculation of single-digit addition, subtraction and multiplication facts within a 3-min time limit.
| Task
Participants were sequentially presented with two dot arrays and their task was to decide which of them had the larger number of dots. The task comprised 24 easy, 24 medium and 24 hard trials. In the easy conditions, participants had to compare 12 with 36 dots (larger distance), while in the hard condition they compared 24 with 36 dots (closer distance). The medium condition required them to compare 18 with 36 dots (see Figure 1 ). The first dot array was composed of the larger number of dots in half of the trials, while it was composed of the smaller number of dots in the other half. To ensure that participants' judgments were based on differences in numerosity rather than cumulative surface area, the distribution of dot sizes was biased towards smaller dots in large arrays and bigger dots in small arrays. However, totally equating the cumulative surface area between small and large arrays by entirely biasing the distribution of single dot sizes (100% bias)
would have made it possible for the subjects to use single dot sizes as a cue for their judgments. Therefore, we found a trade-off (50% bias) between equating as much as possible (1) the cumulative surface areas and (2) the distributions of single dot sizes in each pair. Twelve trials of each condition were presented in the practice session. Different stimuli were used in the practice and in the scanning sessions.
| Experimental protocol
Subjects participated in a practice session after informed consent was obtained and standardized tests were administered. During this session, they practiced all trial types and learned to minimize head movement in a mock fMRI scanner. The actual scanning session took place within a week of the practice session. In the fMRI scanner, participants performed two runs of the numerosity task. The timing and order of trial presentation within each run was optimized for estimation efficiency using optseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/). Behavioral responses were recorded using an MR-compatible keypad and participants responded with their right hand. Participants responded with their index finger if the first array of dots was composed of more dots and with the middle finger if the second array of dots was composed of more dots. Stimuli were generated using E-prime software (Psychology Software Tools, Pittsburgh, PA) and projected onto a screen that was viewed by the participants through a mirror attached to the headcoil.
| Stimulus timing
A trial started with the presentation of the first set of dots for 800 ms,
followed by a blank screen for 200 ms. The second set of dots was presented for 800 ms, followed by a red fixation square for 200 ms. Variable periods of fixation (ranging from 2,600 to 3,400 ms; 400 ms jitter)
were added after each trial in order to help with deconvolution, during which the red square was presented. Additionally, we included 24 control trials in order to control for basic attention and motor responses. In these trials, a blue square was presented for the same stimulus duration as in the experimental conditions and participants were asked to press the response button with their index finger when it turned red. Each run ended with 22 s of passive visual fixation in order to aid in deconvolution of the final trials.
| fMRI data acquisition
Images were collected using a Siemens 3T TIM Trio MRI scanner (Siemens Healthcare, Erlangen, Germany) at CAMRI, Northwestern Univer- Weber fraction, overall ACC and overall RT measures show the higher correlation with symbolic math performance (Schneider et al., 2017) .
Overall accuracy was the average of the percentage of correct responses across all the conditions of the dot comparison task (easy, medium and hard), while overall RT was the average of the means of RTs for correctly solved trials across those three conditions of the task.
The use of these measures is based on the idea that the more precise the ANS representations are, the higher the accuracy and the faster the responses in the task are in general (Dietrich, Huber, & Nuerk, 2015) . Overall accuracy has been suggested as a good measure of the ANS, showing good psychometric features (Inglis & Gilmore, 2014) and has been successfully used in previous studies (e.g., Lourenco & Bonny, 2017) . Similarly, overall RTs has also been used in previous studies (e.g., Halberda et al., 2012) and has been significantly associated with measures of math ability (Libertus, Feigenson, & Halberda, 2011 ).
Sasanguie and colleagues reported test-retest correlations higher than 0.70 for RTs in solving two blocks of a dot comparison task, suggesting that overall RTs is a reliable measure of ANS acuity (Sasanguie, Defever, Van den Bussche, & Reynvoet, 2011) .
Finally, the Weber fraction is often used as a measure of the precision of the ANS, as the ANS is assumed to follow Weber's Law (e.g., Halberda, Mazzocco, & Feigenson, 2008; Pica, Lemer, Izard, & Dehaene, 2004) . According to this law, each numerosity is represented as a Gaussian curve with mean n and standard deviation equal to the Weber Fraction (w) * n. In other words, the Weber fraction indicates the width of the Gaussian curves and therefore, the amount of overlap that exists between quantity representations in the ANS. The smaller the Weber Fraction, the smaller the width of the curve, and therefore the more precise and less overlap in an individual's ANS. On the other hand, a larger Weber fraction value indicates wider Gaussian curves, more overlap between the representations and therefore, less precise representations of quantity in an individual's ANS. The Weber fraction was estimated for each participant at each time point by using the formula shown below, with erfc being the complementary Gauss error function (Pica et al., 2004) , n1 and n2 being the to-be-compared numerosities and w being the Weber fraction. In other words, we estimated the Weber fraction that best fitted a participants' behavioral data (percentage of accuracy for each ratio). Figure 2a shows an illustration of the variables used as predictors and dependent measures in the regression analysis carried out to study the scaffolding hypothesis with behavioral measures.
| Refinement hypothesis
Three regression analyses were carried out in order to determine whether symbolic math performance at T1 predicted ANS acuity at T2,
as measured with the same three behavioral indices (i.e., overall accuracy, overall RT and Weber fraction). A hierarchical regression analysis was performed including ANS acuity at T1 (Step 1), visuospatial WM at T1 (
Step 2) and full IQ at T1 (Step 3) in subsequent steps as covariates of no interest and symbolic math performance at T1 (Step 4) as the covariate of interest. The dependent measure was ANS acuity at T2. 
| Comparison of coefficients across models
We aimed to compare the influence that the covariate of interest has in the dependent measure of each model, after accounting for the effect of the covariates of no interest. First, we calculated the partial correlation between each of the three behavioral indices of ANS acuity at T1 and symbolic math performance at T2, while controlling for symbolic math performance at T1, visuospatial WM at T1 and full IQ at T1 (i.e., scaffolding hypothesis). Second, we calculated the partial correlation between symbolic math performance at T1 and each behavioral index of ANS acuity at T2, after controlling for each of those behavioral indices of ANS acuity at T1, visuospatial WM at T1 and full IQ at T1 (i.e., refinement hypothesis). Finally, we used Steiger's Z-test to compare two dependent nonoverlapping partial correlation coefficients (Steiger, 1980) , which is implemented in Cocor software (Diedenhofen & Musch, 2015) .
| fMRI data analysis 2.8.1 | Preprocessing
Data analysis was performed using SPM8 (www.fil.ion.ucl.ac.uk/spm).
The first six images of each run were discarded to allow for T1 equilibration effects. The remaining functional images were corrected for slice acquisition delays, realigned to the first image of the first run to correct for head movements, and spatially smoothed with a Gaussian filter equal to twice the voxel size (4 3 4 3 8 mm 3 full width at half maximum). Prior normalizing images with SPM8, we used ArtRepair (Mazaika, Hoeft, Glover, & Reiss, 2009 ) http://cibsr.standford.edu/ tools/ArtRepair/ArtRepair.htm) to suppress residual fluctuations due to large head motion and to identify volumes with significant artifact and outliers relative to the global mean signal (4% from the global mean).
Volumes showing rapid scan-to-scan movements of >1.5 mm were excluded via interpolation of the 2 nearest nonrepaired volumes. All participants had <10% of the total number of volumes replaced in a single run and <5 volumes replaced in a row. Interpolated volumes were then partially deweighted when first-level models were calculated on the repaired images (Mazaika, Whitfield-Gabrieli, & Reiss, 2007 
| fMRI processing:
Event-related statistical analysis was performed according to the general linear model. Activation was modeled as epochs with onsets timelocked to the presentation of the first stimulus in each trial. All trials were included in the analysis (i.e., regardless of whether they were correctly or incorrectly solved by the children). All epochs were convolved with a canonical hemodynamic response function. The time series data were high-pass filtered (1/128 Hz), and serial correlations were corrected using an autoregressive AR model.
| Regions of interest definition
Separate region of interest (ROI) masks for the intra-parietal sulcus (IPS) in left and right hemispheres were anatomically defined using the anatomical automatic labeling template. Given that the IPS is located in between the inferior and superior parietal lobules, we dilated these two areas with the WFU PickAtlas tool (http://www.nitrc.org/projects/ wfu_pickatlas; 3D dilatation of 1) and selected the intersection of them
Illustration of the predictors of interest and dependent variables included in the regression analyses performed to study the scaffolding and refinement hypotheses using behavioral measures and brain measures of the ANS acuity. In the behavioral analyses, ANS acuity was measured with three different indices: overall accuracy, overall RT, and Weber fraction, whereas in the fMRI analyses the ANS acuity was measured as the brain activation elicited by hard trials as compared with easy ones within the bilateral IPS. In both cases, ANS acuity was entered either as a predictor (i.e., scaffolding hypothesis) or as dependent measure (i.e., refinement hypothesis). Importantly, all the analyses controlled for initial levels of the dependent measure, with symbolic math performance at T1 being a covariate of no interest in the scaffolding hypothesis analysis and ANS acuity at T1 being a covariate of no interest in the refinement hypothesis analysis. Additionally, other general-domain variables that may play a role in solving the task (i.e., visuospatial WM and full IQ at T1) were also included as covariates of no interest in the analysis of both hypotheses [Color figure can be viewed at wileyonlinelibrary.com] 
| ROI analyses
The 100 voxels showing maximal activation (regardless of significance)
for the contrast hard versus easy across times were extracted for every participant (i.e., showing activation both at T1 and at T2). By selecting the voxels across times we made sure that we studied changes in activation over time for the same group of voxels and not two different groups of voxels showing different levels of activation at each time point. Previous studies using the exact same task have successfully identified numerosity brain areas by comparing hard and easy trials (Prado et al., 2011 (Prado et al., , 2013 ).
Parameter estimates (or b weights) associated with the two conditions of interest (i.e., hard and easy) at each time point (i.e., T1 and T2)
were extracted from these ROIs at the individual level using MarsBar.
Subsequently, extracted data were submitted for statistical testing in 
Scaffolding hypothesis
With this analysis, we aimed to determine whether the brain measure of ANS acuity at T1 predicted symbolic math performance at T2. A hierarchical regression analysis was run, with symbolic math performance at T1 (Step 1), visuospatial WM at T1 (Step 2), and full IQ at T1 (Step 3) being subsequently entered in the model as covariates of no interest and the brain measure of ANS acuity at T1 was entered as the covariate of interest (Step 4). The dependent measure was symbolic math performance at T2. Figure 2c shows an illustration of the variables used as predictors and dependent measures in the regression analysis carried out to study the scaffolding hypothesis with fMRI measures.
Refinement hypothesis
With this analysis, we aimed to study whether symbolic math performance at T1 predicted ANS acuity at T2, as measured with fMRI. A hierarchical regression analysis was run, with the brain measure of ANS acuity at T1 (Step 1), visuospatial WM at T1 (
Step 2) and full IQ at T1
(Step 3) subsequently entered as covariates of no interest and symbolic math performance at T1 entered as the covariate of interest (Step 4).
The dependent measure was the brain measure of ANS acuity at T2. Figure 2d shows an illustration of the variables used as predictors and dependent measures in the regression analysis carried out to study the refinement hypothesis with fMRI measures.
Comparison of coefficients across models
We aimed to compare the influence that the covariate of interest has in the dependent measure of each model, after accounting for the effect of the covariates of no interest. First, we calculated the partial correlation between each brain measure of ANS acuity at T1 (i.e., brain activation in left and right IPS) and symbolic math performance at T2, while controlling for symbolic math performance at T1, visuospatial WM at T1 and full IQ at T1 (i.e., scaffolding hypothesis). Second, we calculated the partial correlation between symbolic math performance at T1 and each brain measure of ANS acuity at T2, after controlling for each of those brain measures of ANS acuity at T1, visuospatial WM at T1 and full IQ at T1 (i.e., refinement hypothesis). Finally, the Steiger's Ztest was used to compare two dependent nonoverlapping partial correlation coefficients (Steiger, 1980) , by using the Cocor software (Diedenhofen & Musch, 2015) . 
| Scaffolding hypothesis
The regression results showed that none of the three behavioral indices of ANS acuity at T1 (i.e., overall ACC, overall RT and Weber fraction) significantly predicted symbolic math performance at T2 after the effects of the covariates of no interest were accounted for, as shown in Table 2 . This analysis showed that the only variable significantly predicting symbolic math performance at T2 was symbolic math performance at T1 and the other variables explaining a nonsignificant amount of variance when entered into the model.
| Refinement hypothesis
As shown in Table 3 , the regression results showed that symbolic math performance at T1 only predicted ANS acuity at T2 for the overall RT index, even after the effect of overall RT at T1, which explained significant amount of variance in the model, and the other covariates of no interest were accounted for. Figure 4 shows that the greater the level of symbolic math performance at T1, the faster the 0.s for all the conditions of the dot comparison task were at T2. As shown in Table 4 , the group with initial higher levels of symbolic math performance became significantly faster over time in all the conditions. Although the group with initial lower levels of symbolic math performance also tended to reduce RT over time, this difference was not significant for any of the conditions.
In order to rule the effect of outliers in RTs, we also calculated the median of RTs and trimmed means of RTs (excluding values below or above 3SD of the mean for every participant). In support of the refinement hypothesis, symbolic math performance at T1 significantly predicted medians and trimmed means of RT at T2, after controlling for those measures at T1 (respectively), visuospatial WM at T1 and full IQ at T1 (see Table A1 ).
In order to make sure that the faster RTs at T2 were not affected by a speed-accuracy trade-off, we correlated the percentage of errors at T2 with the mean of RTs at T2. A significant negative correlation between these variables would suggest that participants responded faster by sacrificing accuracy. The correlation between these variables was r 5 215, p 5 .38, suggesting that our results were not affected by a speed-accuracy trade-off.
As for the other two behavioral measures, only Weber fraction at T1 significantly predicted Weber fraction at T2, and only overall ACC at T1 predicted overall ACC at T2, symbolic math performance at T1 being a nonsignificant predictor in both analyses.
| Comparison of coefficients across models
The analysis of the differences in correlation coefficients between the models showed that the partial correlation between symbolic math performance at T1 and overall RT at T2 (i.e., refinement hypothesis) was significantly stronger than the partial correlation between overall RT at Note. In these analyses, symbolic math performance at T1 was entered as the covariate of interest to predict the three behavioral indices of ANS acuity (i.e., overall ACC, overall RT, and Weber fraction) at T2 (each in a different analysis), while the same measures at T1, visuospatial WM at T1, and full IQ at T1 were entered as covariates of no interest. b 5 standardized coefficients. DR 2 5 change in R
2
. No multicollinearity was found in this analysis of the refinement hypothesis, with the maximum VIF value obtained being 1.50. Dependent variable in the model: Different behavioral indices of ANS acuity at T2. a That is, overall ACC, overall RT or Weber fraction at T1, for each analysis, respectively. *Significant at p < .05; **Significant at p < .005.
T1 and symbolic math performance at T2 (i.e., scaffolding hypothesis) (Steiger's Z 5 22.66, p 5 .008; Steiger, 1980) . The difference between these correlations for the other two behavioral measures of ANS acuity was not significant (all p values above .07).
| fMRI results
| Brain activation at each time point for each condition
First, we aimed to study whether the parametric manipulation hard vs. easy elicited the expected difference in brain activation in the left and right IPS both at T1 and at T2. We ran a paired sample t test comparing brain activation between easy and hard conditions within each ROI and each time point for the whole sample. As shown in Figure 5 , the analysis showed that these two conditions significantly differed from one 
| Scaffolding hypothesis
The regression analyses showed that the brain measures of ANS acuity at T1, either in the left or right hemisphere, did not significantly predict symbolic math performance at T2 (all p values above .40) after the effects of the covariates of no interest were accounted for, as shown in Table 5 . The only variable significantly predicting symbolic math performance at T2 was symbolic math performance at T1 and the other variables not explaining a significant amount of variance when entered into the model.
| Refinement hypothesis
The regression analyses showed that symbolic math performance at T1 significantly predicted ANS acuity at T2, as measured with fMRI, both in the left and right IPS, as shown in Table 6 . Even after controlling for initial levels of brain activation in left and right IPS, and other covariates of no interest, symbolic math performance at T1 explained a significant amount of variance in the model. As shown in Figure 6 , the greater the level of symbolic math performance at T1, the greater the activation in both left (Figure 6a ) and right (Figure 6b ) IPS. Additionally, Figure 7 shows that although the two groups presented higher activation for the hard condition than for the easy one at T2 (i.e., refinement), the difference between conditions was greater for the group showing initial higher levels of symbolic math performance (i.e., more refinement of quantity representations), in both left and right IPS, as compared with the group showing initial lower levels.
| Comparison of coefficients across models
The analysis of the difference in correlation coefficients between the models showed that the partial correlation between symbolic math performance at T1 and the brain measure of ANS acuity in the left IPS (i.e., refinement hypothesis) was significantly stronger than the partial correlation between the brain measure of ANS acuity at T1 and symbolic math performance at T2 (i.e., scaffolding hypothesis) (Steiger's Z 5 2.14, p 5 .03; Steiger, 1980) . The same comparison was also significant for the brain measure of ANS acuity in the right IPS (Steiger's Z 5 2.23, p 5 .02).
| D ISC USSION
The objective of this study was to investigate the causal relationship between ANS acuity and symbolic math performance in children. We measured ANS acuity by comparing brain activation elicited by the hard vs. easy conditions of a dot comparison task within the bilateral IPS, an area considered to be crucial for numerical quantity processing (Piazza, Pinel, Bihan, & Dehaene, 2007) . By using a cross-lagged panel analysis, we aimed to test whether ANS acuity (i.e., brain activation) at   FIG URE 4 Scatterplot showing the negative association between symbolic math performance at T1 and overall RT at T2 after the effect of the covariates of no interest (i.e., overall RT at T1, visuospatial WM at T1 and full IQ at T1) have been accounted for (i.e., residuals) [Color figure can be viewed at wileyonlinelibrary.com] T1 predicted growth in symbolic math performance over time, which would be considered as support for the scaffolding hypothesis and/or whether symbolic math performance at T1 predicted growth in ANS acuity over time, which would be taken as evidence supporting the refinement hypothesis.
To the best of our knowledge, our results constitute the first fMRI
evidence supporting the refinement hypothesis, by finding that symbolic math performance at T1 predicted improvement in ANS acuity over Note. In these analyses, the two brain measures of ANS acuity at T1 (i.e., activation in the left and right IPS) were entered as the covariate of interest (each in a different analysis) to predict symbolic math performance at T2, while initial level of symbolic math performance, visuospatial WM and full IQ were entered as covariates of no interest. b 5 standardized coefficients. DR 2 5 change in R
2
. No multicollinearity was found in this analysis of the scaffolding hypothesis, with the maximum VIF value obtained being 1.51. Dependent variable in the model: Symbolic math performance at T2. a Regression results for each brain measure of ANS acuity at T1 are shown in two different columns in the table corresponding to the left and right IPS. *Significant at p < .05; **Significant at p < .005. compared with the easy one, which has been interpreted as this brain area being more sensitive to different ratios, evidencing a more mature and precise representation of quantity. On the other hand, the group with initial lower symbolic math performance showed less difference between these two ratios, suggesting a more noisy representation of quantity (Bugden, Price, Mclean, & Ansari, 2012) .
Critically, we found this effect even after controlling for initial levels of symbolic math performance at T1 (Merkley et al., 2017) and after controlling for two general-domain cognitive factors (i.e., visuospatial WM and full IQ). Controlling for working memory seemed especially important for our task, given that the two set of dots were presented sequentially (Price, Palmer, Battista, & Ansari, 2012) while controlling for full IQ seemed relevant given the evidence suggesting that general intelligence at 11 years of age explained a significant amount of variance in math achievement at 16 years of age (Deary, Strand, Smith, & Fernandes, 2007) . Given that we controlled for autoregressive effects (i.e., dependent measure at T1), we can claim that initial levels of symbolic math performance predicted growth in ANS acuity, and we are able to rule out that the effects in brain activation found at T2 are not due to differences in brain activation being shown already at T1.
Besides the fMRI results, our behavioral analysis also supported the refinement hypothesis. The hierarchical regression analysis showed that symbolic math performance at T1 predicted growth in overall RT, the higher the initial level of symbolic math performance, the faster the children became in solving the dot comparison task over time. These effects were not affected by outliers, given that the same findings were obtained when using median and trimmed means of RTs (see results in Table A1 ), or by speed-accuracy trade-offs. Supplementary analyses showed the group with initial higher levels of symbolic math performance became faster over time, while the group with initial lower levels of symbolic math performance did not improve. However, we found no evidence of refinement or scaffolding for the overall ACC and Weber fraction indices. Some limitations of the task used in our study might explain why. First, whereas a wide variability was shown in the RT data at both time points and for all conditions, that was not the case for the accuracy measure, which showed a ceiling effect for some participants. Second, the Weber fraction was estimated based on the percentage of accuracy across all the ratios included in the task, therefore, the ceiling effect for some participants prevented the model from settling on a reliable fit. Third, we only had three ratios so this may have also prevented achieving a reliable fit for some participants (e.g., Lindskog, Winman, Juslin, & Poom, 2013; Mazzocco et al., 2011a,b) . Because of these limitations we had to exclude a large number of participants (i.e., 17) from the Weber fraction analyses, so the lack of findings when this index was used either as predictor or as dependent measure in the regression analyses should be taken with caution.
On the other hand, we found no evidence supporting the scaffolding hypothesis: neither our brain measures of ANS acuity nor our behavioral indices at T1 explained change in symbolic math performance over time. One might think that probably we were not able to find evidence for the scaffolding hypothesis because we studied relatively old children (approximately 10-years old at T1), that maybe at this age children had had received enough formal math training to show the refinement effects (i.e., we catch that specific stage in development) and that we would have found evidence for the scaffolding hypothesis had we studied younger children, especially before they have been exposed to extensive math training (i.e., kindergarteners) or when they start to learn symbolic numbers (i.e., first grade). Although we acknowledge the investigation of only older children as a limitation of this study, the results of several longitudinal studies do not provide support for the scaffolding hypothesis. Sasanguie, Defever, Maertens, & Reynvoet (2014) used a longitudinal study and found that kindergarteners' (mean age at T1: 5 years, 5 months) ANS acuity was not predictive of symbolic math performance six months later (however, they did not measured T1 symbolic math performance, so the refinement hypothesis could not be tested). Similarly, Mussolin et al., 2014 used a cross-lagged designed (controlling for initial levels of the dependent measures), to study both the scaffolding and refinement hypotheses on very young children (i.e., mean age at T1: 4-years old) and found that symbolic numeric abilities at T1 predicted ANS acuity 7 months later (i.e., refinement hypothesis), but no evidence for the opposite direction (i.e., scaffolding hypothesis). Similarly, Matejko & Ansari (2016) studied first graders (i.e., mean age at T1: 6.35-years old) in a longitudinal study and found that while both symbolic math performance at T1 and ANS acuity at T1 significantly predicted ANS acuity at T2 (i.e., refinement hypothesis), only symbolic math performance at T1 predicted symbolic math performance at T2, while ANS acuity at T1 did not (i.e., scaffolding hypothesis). In short, these studies have found no evidence for the scaffolding hypothesis but they found support for the refinement one even for very young children, including those believed not to have yet received extensive math training with symbols, and
therefore where the refinement effect of symbols over the ANS were not yet expected (i.e., Mussolin et al., 2014) and also in children in first grade, considered to be critical for the initial learning of symbols, and which would have been an ideal stage for showing the important role of ANS acuity in scaffolding symbolic abilities (Matejko & Ansari, 2016) .
The results of another recent study, also carried out with kindergarteners, point in the same direction. Lyons, Bugden, Zheng, Jesus, and Ansari (2017) designed a study to investigate the relationship between ANS acuity and symbolic processing with a different approach: besides assessing children's symbolic and nonsymbolic abilities at each time point, they also measured their ability to translate between the two systems and studied how those abilities changed over time. Namely, they used a comparison task including: only numeral (e.g., 3 vs. 4), only nonsymbolic quantities (e.g., *** vs. *****) and a mixed condition including symbolic and nonsymbolic (e.g., *** vs. 4). As for the scaffolding hypothesis they predicted that if symbols are learned by being mapped onto their nonsymbolic representations, then a strong relationship should be found between these two systems already at T1, and therefore, the processing cost of having to compare stimuli from each of those systems (i.e., mixed condition) should be low (i.e., better performance). Moreover, based on evidence showing that adults found difficult to compare symbolic with nonsymbolic quantities, they predicted that these two system would become increasingly separated over time (Lyons, Ansari, & Beilock, 2012) . On the other hand, the would be "increasingly understood in symbolic terms" and therefore the link between the two systems would be stronger over time.
The results of this study supported the refinement hypothesis by finding that symbolic comparison performance at T1 predicted growth in ANS acuity over the course of kindergarten, but no effect of initial ANS acuity predicting later symbolic task performance (i.e., once again, no evidence for the scaffolding hypothesis). Additionally, they found that kindergarteners found it difficult to solve the condition mixing symbolic and nonsymbolic already at T1, suggesting that the two sys- Matejko & Ansari (2016) found that the ANS acuity and symbolic task performance were significantly different at the first time point in kindergarten but those differences disappeared by the end of that year (i.e., T3) suggesting that these two systems might be initially different and become more unified over development.
Other studies have found evidence for the scaffolding hypothesis, but only for certain ages and domains. A recent behavioral study showed that kindergarteners' ANS acuity predicted math achievement at the end of second grade (above and beyond IQ and WM abilities), but no longer for first or second graders (Xenidou-Dervou et al., 2017) , suggesting that the ANS might have a time-specific role in building later math skills. Purpura and Logan (2015) reported that the ANS may scaffold math abilities only for lower skill children. They found that ANS was a significant predictor of math performance at the lower end of the distribution (near the 25th percentile), but not for upper percentiles, suggesting that relying on the ANS may not be enough to acquire more complex math abilities. Similarly, Toll and colleagues showed that the scaffolding was limited to certain math skills. Using a longitudinal design, they studied kindergarteners over two and a half years, assessing their symbolic and nonsymbolic abilities at six time points and also their math achievement outcomes at the end of first grade. Using multivariate latent growth curve models, they found that growth in ANS acuity was a predictor of first grade math fluency of arithmetic facts, but not math word problems (Toll, Van Viersen, Kroesbergen, & Van Luit, 2015) .
Despite the advances made by well-designed longitudinal studies in recent years, this research is still in an early stage and the mechanisms by which symbols refine the ANS remain, to date, unknown (Ansari, 2008; Lyons et al., 2017; Matejko & Ansari, 2016) . However, several possible mechanisms have been suggested. One of those proposals highlights the unique capacity of symbols to represent even large quantities with unrestricted precision (Carey, 2004) , suggesting that symbols' compactness and notation economy, that is, their ability of represent large numbers with a small set of symbols (i.e., from 0 to 9) would give an incredible advantage both in the apprehension and the manipulation of large numeric quantities, completely transforming number processing and providing a powerful mechanisms for refining the approximate quantity representations in the ANS. In this line, symbolic numbers are believed to lead to a more precise access to the ANS than nonsymbolic quantities, with a neural model study showing that neurons increased their representational precision when presented with symbolic inputs as compared with nonsymbolic ones and highlighting the potentially powerful refinement effect of math symbols (Verguts & Van Opstal, 2005) . Altogether, these approach suggests that, by repeatedly and consistently accessing the nonsymbolic representations in the ANS from precise symbols, the underlying nonsymbolic representations would become sharper/more precise, showing less overlap between adjacent numbers' representations (Nys et al., 2013) .
Some relevant studies in the field of math cognition have assessed those mechanisms by testing the effect that math education and cultural aspects have in the ANS acuity. Pica et al. (2004) investigated a group of Amazonian indigene adults who received little or no schooling experience and whose language comprised a very narrow set of number words and imprecise words to define larger quantities. While this group was able to successfully solve a dot comparison task, their ANS acuity was not as precise as the one shown by the French educated control group (Pica et al., 2004) . In order to more specifically address the effect of math education on ANS acuity and rule out cultural differences, Nys, Ventura, Fernandes, Querido, Leybaert and Content (2013) studied schooled and unschooled adults in Portugal and found that the latter group showed a less precise ANS than adults who had acquired exact number skills through math schooling). In the same vain, Piazza, Pica, Izard, Spelke, and Dehaene (2013) found that among an indigenous population of Brazil, the Munduruc u, those who had access to schooling showed a more precise representation of quantity, while those not receiving education ceased to increase ANS acuity beyond the level reached by North American and European children at about 6 years of age.
Probably the most obvious reason for the refinement effect found in these studies is the number of hours that the children spend working with numbers. Besides math education providing extensive hours of experience with numbers, it is not clear which specific inputs of math instruction might have a greater impact on the ANS refinement. In this respect, some researchers have suggested more general mechanisms, such as math education modifying the importance that children would
give to numerical information in their environment (Nys et al., 2013 ) as a possible source for the refinement. According to this view, math education would contribute to enhance the salience of numerical properties of groups of objects or events, over other properties.
Consequently, focusing on quantity in the environment would provide numerous occasions to access the ANS representations and therefore
contribute to its refinement. On the other hand, other authors have been more specific about the type of math experience contributing to that refinement. For example, Piazza et al. (2013) suggested that the most significant refinement of the ANS was observed for those Munduruc u participants who had advanced far enough in the educational system to receive instruction in counting and arithmetic. More recently, Shusterman and colleagues suggested that an earlier math ability even contributes to refinement, by showing that the onset of the cardinal principle is associated with the greatest improvements in ANS acuity (Shusterman, Slusser, Halberda, & Odic, 2016) .
Relevant parallels can be found in the field of reading, where refinement effects in phonological representations have been shown as a consequence of acquiring reading ability (e.g., Wagner, Torgesen, & Rashotte, 1994) , with the brain areas considered to house phonological representations of spoken language (i.e., planum temporale) showing greater activation for literates as compared with illiterates, which was interpreted as
showing the refinement effect in phonological representations by reading ability at the neural level (Brennan, Cao, Pedroarena-leal, McNorgan, & Booth, 2013; Stanislas Dehaene, Cohen, Morais, & Kolinsky, 2015) .
Future research should also be done to explore the role of the refinement hypothesis in children suffering from DD. A deficient representation of quantity in the ANS is one of the hypothesis explaining DD, with studies reporting less precise ANS (Mazzocco et al., 2011a,b; Piazza et al., 2010) and fMRI studies showing impairment in areas involved in magnitude processing (Mussolin et al., 2010; Price et al., 2007) in dyscalculic children as compared with typically achieving ones.
This idea of a weakened refinement effect of symbols over the ANS in In conclusion, this study shows that gaining expertise with symbolic number processing, which is a human cultural invention, is associated with the refinement of an evolutionarily ancient, preverbal system of quantity representation in parietal cortex that we share with some animal species, which constitutes a beautiful example of the power of experience in modeling the brain.
